ABSTRACT Ionizing radiation has been used to selectively separate the circadian oscillator function of the eye of Aplysia from some of its other functions-synchronous compound action potential (CAP) generation, the light response, synaptic transmission between photoreceptors and output neurons, and the bursting pacemaker mechanism. Doses of 4-krad (50 kV peak) x-rays have a minimal effect on the circadian rhythm of CAP frequency, measured from the optic nerve, whereas irradiation with a 40-krad dose abolishes the rhythm without affecting any of the four other functions of this eye (1 rad = 0.01 J/kg = 0.01/Gy). We estimate a 50% survival of the oscillator function at doses of about 6 krad. 
in birds (3, 4) ], but there is little information on how such circadian oscillators are organized in terms of cellular events and interactions. The isolated eye of Aplysia contains a circadian oscillator because the frequency of optic nerve action potentials cycles with an approximately 24-hr period, even though the eyes are maintained in constant darkness (5) . Isolated eyes maintained in a simple ionic medium, sea water, will generally cycle four to six times with a period of 23.4 t 0.3 hr (SEM) at 14'C (6) . The eye contains at least three neuronal cell types besides photoreceptors (7). It is not known which, if any, of these cell types generates the rhythm or whether interactions between cells are required for the genesis of the long period.
We thought that ionizing radiation could perhaps be used as a tool to dissect the cellular mechanisms of the circadian rhythm, as has been done in dissecting viral functions (8) . Ide nerve, because each action potential is normally a compound spike (9) . Gap junctions have been found between photoreceptors (10) and between neurosecretory cells (7), and either or both of these specializations could mediate the normal synchrony of neuronal discharge during a compound action potential (CAP) .
Surprisingly, our studies show that the circadian mechanism in the isolated eye of Aplysia is quite sensitive to x-rays. Four other specialized cellular processes in the eye-phototransduction, synaptic transmission, the coupling mechanism mediating CAP synchrony, and the bursting pacemaker mechanism-are relatively insensitive to x-rays, because they remain intact under conditions that clearly affect the circadian oscillator. We also find that a larger effect on the oscillator is obtained when the posterior part of the eye is irradiated than when the anterior part is irradiated. In addition, we report here that damage to the circadian oscillator by irradiation of the eye in vvo appears to be repairable, at least by 20 days.
METHODS
Animals (Aplysia californica) used in these experiments were maintained on a 12-hr light, 12-hr dark cycle for at least 4 days before dissection. Eyes were dissected at about 2 hr after lights were on and were maintained in Millipore-filtered (0.22 Mm) sea water during irradiation. Irradiation was done with 50 kV peak x-rays from a Machlett OEG 60 tube with a tungsten target, beryllium end window, and 0.25-mm aluminum filter. A dose rate of 4 krads/min (1 rad = 0.01 J/kg = 0.01 Gy; measured with a Victoreen rate meter) was obtained under these conditions at a distance of 4 cm from the end of the tube at a beam current of 20 mA (the doses over 100 krad were given at a distance of 1.5 cm, where the dose rate was 8 krad/min). Eyes along with their optic nerves were irradiated in dim light conditions (3 lux) in a Sylgard dish in which the fluid level had been lowered to just cover the eye. More than 80 eyes were given doses between 2 and 480 krads in this way.
In some experiments a 1.0-mm thick lead shield was placed over part of the eye in order to irradiate only the unshielded part of the eye. To determine if the unshielded part of the eye was receiving the full dose expected, a microdensitometer trace of x-ray film was run near an area of the film that had been shielded by a lead shield during x-ray exposure. The x-ray intensity was 80% of maximum within 100Mm of the edge of the shield, so the dose received varied only over about 100,gm. For an eye 800 ,m in diameter, at least a 300-am portion received greater than 80% of the dose if half the eye was covered by the shield. A 1-mm lead shield decreased the dose of x-rays of 50 kV peak energy by a factor of more than 100. For in vivo irradiation, the animal was first anesthetized with 50% isotonic Mg2+ by immersion in the modified sea water for 2 hr. At the end of this period, the animal was covered with 2 mm of lead and the skin on each side of the eye was pulled with forceps through a 6-mm hole in the lead. The eye was then irradiated in this position.
Measurements of eye CAPs during circadian rhythm recordings were made in a light-tight box. The optic nerves were held in suction electrodes with the eyes placed in 35-mm tissue culture dishes containing about 5 ml of minimal essential medium with 15-30 mM bicarbonate in filtered sea water at pH 7.7. This medium contains all 20 amino acids at concentrations used with mammalian cell cultures (11) . It has been shown to maintain normal resting potentials, action potentials, and synaptic mechanisms in organ-cultured ganglia of Aplysia (12) .
RESULTS
In order to evaluate the effects of x-rays on cellular processes in the eye other than the circadian rhythm, we compared four functions before and after x-irradiation. The waveshape and amplitude of the optic nerve CAP is a measure of the number and degree of synchrony or coupling of discharging cells in the population of output cells of the eye, provided that the recording conditions remain unchanged. When the eye becomes active, the pattern of CAPs occurs in groups of two to six with longer silent intervals in between these groups of CAPs. We refer to this pattern as a bursting pacemaker mechanism, because it is similar to the burst of impulses followed by a longer interval of silence seen in endogenously active neurons of the abdominal ganglion (13, 14) . The third and fourth functions that we assayed were phototransduction in photoreceptor cells and synaptic transmission between the receptors and the output cells as recorded by CAPs in the optic nerve. Audesirk (15) has provided evidence, from experiments with propionate substituted for chloride, that receptors are electrically coupled to the output cells. Evidence for the presence of gap junctions between photoreceptors and between these and other neuronal cells exists (7, 10) . Fig. 1 compares the CAPs from the same eye before and after irradiation (40 krad). The CAP amplitude and waveshape was not altered by the x-rays. Fig. 2 shows the bursting pattern of CAPs of two eyes obtained from the same animal; the control eye and irradiated eye (40 krad to the whole eye) are compared 3 days after irradiation. The ability of the eye to produce the normal bursting pattern of CAPs is unaffected by x-rays. The H Ĩ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1l 1l 1l 1l 1l 1l 1l Al dawn and about 15 hr after irradiation with x-rays. The amplitude of the circadian rhythm decreased with increasing dose. The effect of a 4-krad dose on the rhythm (n = 4) was to decrease the amplitude less than 15% relative to the paired controls (n = 2) and was therefore minimal. Though there was some phase delay of the rhythm for eyes that received 8 krad (not shown), the period was very close to the control [about 26 hr.
2 hr which is normal in the enriched medium used in these experiments (16) ]. The lower doses (typically greater than 80 krad) increased the average CAP rate after an initial slow period (e.g., Fig. 4A ). Fig. 5 shows the CAP rate for two eyes irradiated with 60 krad with a lead shield over part of the eye. The curve with filled squares is for an eye with the shield over the optic nerve pole of the eye (anterior part irradiated) and the curve with open circles is for an eye with the shield over the anterior part of the eye (posterior part irradiated). The amplitude of the circadian rhythm was greatly reduced (totally in some eyes) when the posterior part of the eye was irradiated but reduced only slightly when the anterior part was irradiated. This result is in agreement with experiments that report the presence of a circadian rhythm in eyes trimmed to the extreme base 8 hr (17) .
Eyes dissected from animals that were irradiated in vivo (40 krad) had no rhythm if they were dissected on the same day that they were irradiated (n = 2). However, if the animals were dissected 20 days or more after irradiation (n = 5), the eyes had a normal rhythm. These results suggest that there is some form of in vimo recovery or repair over long times. No in vitro repair was observed in periods as long as 5 days. variation in burst size of the irradiated eye, evident in Fig. 2 , was also observed in control eyes. Fig. 3 shows the response to light (0.1 lux) of a control eye and an irradiated eye (40 krad to the whole eye) at 2 hr, 8 hr, and 26 hr after irradiation. The light response of the x-irradiated eye was normal. Doses of up to 480 krad (in other experiments) did not appreciably affect the size and shape of the CAP, the bursting pattern, or the light response. Fig. 4A shows the CAP rate for 4 days from a control eye and from an irradiated-eye (40 krad to the whole eye). It can be seen that 40 krad completely stopped the expression of the circadian rhythm. In some cases, as shown here, there appeared to be a partial remnant of the rhythm for the first cycle. Fig. 4B shows the average CAP frequencies of six or seven eyes at five different doses (0-40 krad) beginning 6 hr before the projected 12 hr of light (10 lux) and 12 hr of dark for 3 days and recording frequencies from it for at least 3 more days (n = 2).
An alternative interpretation of the blocking effect of x-rays on the circadian oscillation is that the oscillator remains intact but that its expression is blocked. The expression of the oscillator could depend on an x-ray-sensitive coupling mechanism between the oscillator and membrane, for example. We do not favor this alternative because, as discussed later, we find absolutely no evidence for any interference with the membrane functions that can be assayed in the eye by extracellular recordings. We also have tested x-ray sensitivity in one other neural system in Aplysia for which there is evidence of mediation by an intracellular messenger-bag cell afterdischarge (unpublished data). Three out of three abdominal ganglion preparations that received 40 krad showed normal bag cell afterdischarge in each of the two clusters per ganglion, lasting 30-45 min after brief electrical stimulation of one pleurovisceral connective, a synaptic pathway in this system. Because afterdischarge is correlated with a rise in cyclic AMP (20) and because 8-benzylthio cyclic AMP induces afterdischarge in bag cells (20) , the lack of x-ray sensitivity to 40 krad strongly suggests that this intracellular messenger system is relatively resistant to x-rays. Another intracellular messenger system that is quite insensitive to x-rays is the calcium-sarcoplasmic retieulum system in muscle. Doses of x-or y-rays greater than 200 krad are needed for inactivation of contraction of gastrocnemius muscle from a number of species (21) . Therefore, we feel that the available evidence does not support the possibility that the oscillator is intact and running but that it is uncoupled from the membrane functions that we have measured.
Ionizing radiation has been used to determine the effective target size associated with a particular function of a virus and, in some cases, the number of such targets per virus. Iri metabolizing systems, target size is not easily determined because of complications of free radicals and repair of damage (22) . Multitarget theory says that the probability of survival of a function is Ps = 1 -(1 -eIv)n, in which I is the number of primary ionizing events per volume (we assume 100 eV are required for an event, because it is known that 'S35 eV will produce one ion-electron pair in a variety of materials), V is the target volume of the function, and n is the number of targets that must be hit in order to stop the function (23 Neurobiology: Woolum and Strumwasser there was no evidence of an ultradian rhythm, as judged by time series analysis. Therefore, it seems unlikely that there are a number of coupled oscillators in the eye, each one of which generates an ultradian rhythm. This interpretation has been reported for the alleged ultradian behavior of trimmed eyes by Jacklet and Geronimo (24) , but the finding has not been confirmed (17) . All the available evidence indicates that irradiation produces a more graded diminution of the circadian rhythm than is possible in cutting experiments on the eye done with scissors.
The four functions of the eye that are relatively insensitive to x-rays are primarily membrane functions-photoreception, electrical synaptic transmission, the bursting pacemaker mechanism, and the degree of coupling of the output cells. This implies that although the membrane is an important input/ output channel to the clock [e.g., resetting of the phase of the rhythm by high K+ (25) ], it may not be part of the generator of the circadian oscillator as proposed by others (26) . The apparent insensitivity of these membrane processes to x-rays is probably accounted for by the small target size or the large number of targets involved.
The total blocking of the circadian oscillators with 40 krad observed here is similar to results obtained with a 3-hr pulse of actinomycin D (27) an inhibitor of DNA-dependent RNA synthesis. Because recovery from or repair of ionizing radiation damage is usually thought to be associated with nucleic acid systems, the in vivo repair results provide some additional evidence for the involvement of nucleic acids in the circadian oscillator.
